Epigenetic inheritance of acquired traits is widespread among eukaryotes, but how and to what extent such information is transgenerationally inherited is still unclear. The patterns of programmed DNA elimination in ciliates are epigenetically and transgenerationally inherited, and it has been proposed that small RNAs, which shuttle between the germline and the soma, regulate this epigenetic inheritance. In this study, we test the existence and role of such small-RNA-mediated communication by epigenetically disturbing the pattern of DNA elimination in Tetrahymena. We show that the pattern of DNA elimination is, indeed, determined by the selective turnover of small RNAs, which is induced by the interaction between germline-derived small RNAs and the somatic genome. In addition, we show that DNA elimination of an element is regulated by small-RNA-mediated communication with other eliminated elements. By contrast, no evidence obtained thus far supports the notion that transfer of epigenetic information from the soma to the germline, if any, regulates DNA elimination. Our results indicate that small-RNA-mediated trans-nuclear and trans-element communication, in addition to unknown information in the germline genome, contributes to determining the pattern of DNA elimination.
INTRODUCTION
Epigenetic information, such as chromatin modifications and non-coding RNAs, can transmit acquired traits from one generation to the next [1] [2] [3] . However, it is still not well understood how epigenetic information is transgenerationally inherited and to what extent such epigenetic inheritance impacts adaptation and evolution. Ciliated protozoans exhibit epigenetic inheritance of the pattern of programmed DNA elimination and represent good experimental models for investigating the mechanism and roles of epigenetic transgenerational inheritance [4] [5] [6] [7] .
Like most other ciliates, each cell of Tetrahymena thermophila (hereinafter referred to as Tetrahymena) contains two types of nuclei: the transcriptionally inactive germline micronucleus (MIC) and the transcriptionally active somatic macronucleus (MAC). During sexual reproduction (conjugation; Figure 1A ), the MIC produces new MICs and MACs, while the parental MAC is discarded. The development of the new functional MAC requires programmed DNA elimination, which reproducibly removes $12,000 DNA segments, referred to as internal eliminated sequences (IESs). IESs comprise $30% of the $157-Mb MIC genome and consist of variable non-coding sequences, including transposons and other repetitive sequences [8] .
Small RNAs are believed to play a key role in identifying IESs in Tetrahymena [9] ; a model of this process is shown in Figure 1B . At the early stage of conjugation, the MIC, which is silent in all other life stages, is transcribed bi-directionally by RNA polymerase II [10, 11] . This transcription occurs preferentially, but not exclusively, at $60% of IESs, referred to as type-A IESs, and in their adjacent regions ( Figure 1B , i) [11, 12] . The transcripts are processed to approximately 29-nt RNAs, referred to as early-scan RNAs (scnRNAs), by the Dicer homolog Dcl1p (Figure 1B , ii) [13, 14] . Early-scnRNAs are exported to the cytoplasm and then transferred to the parental MAC ( Figure 1B , iii) [15] . There, in the mid-stages of conjugation, early-scnRNAs complementary to the parental MAC genome (i.e., non-IES sequences) are degraded (Figure 1B, iv) [12, 16] . This process, referred to as scnRNA selection, depends on the RNA helicase Ema1p, which facilitates the interaction between early-scnRNAs and nascent transcripts [16] .
Then, at the late conjugation stages, the remaining (IES-specific) early-scnRNAs are transferred to the new MAC, where they guide heterochromatin formation, including the methylation of histone H3 at lysines 9 and 27 and the accumulation of HP1-like proteins [17] [18] [19] [20] . Early-scnRNAs induce heterochromatin formation not only on type-A IESs (from which they are derived) ( Figure 1B , v) but also on most other IESs, referred to as type-B IESs, in trans through various repetitive sequences shared among IESs ( Figure 1B , vi) [15] . Heterochromatin triggers the production of another class of small RNAs in cis, referred to as late-scnRNAs, which, like early-scnRNAs, are produced by Dcl1p and are approximately 29 nt in length ( Figure 1B, vii) . Late-scnRNAs further induce heterochromatin formation, resulting in cis-spreading of heterochromatin and late-scnRNA production [15, 19] . Finally, heterochromatinized IESs are excised by the domesticated piggyBac transposase Tpb2p, and their flanking sequences are rejoined by a non-homologous endjoining mechanism ( Figure 1B , viii) [21] [22] [23] .
Two Argonaute family proteins, Twi1p and Twi11p, are involved in DNA elimination in Tetrahymena. Twi1p is expressed both maternally, from the parental MAC, and zygotically, from the new MAC [24] , while Twi11p is expressed only at late conjugation stages, likely exclusively from the new MAC [15] . EarlyscnRNAs are loaded into the maternal Twi1p, whose loss causes the destabilization of early-scnRNAs and blocks all early-scnRNA-dependent events, including heterochromatin formation on IESs, the production of late-scnRNAs, and DNA elimination of both types of IESs [15, 24, 25] . On the other hand, late-scnRNAs are loaded into zygotic Twi1p and Twi11p. The loss of both zygotic Argonaute proteins results in the destabilization of late-scnRNAs and severe blockage of the elimination of type-B IESs but milder defects in type-A IES elimination [15] .
A similar small RNA-mediated DNA elimination process occurs in the ciliate Paramecium tetraurelia [26] [27] [28] [29] [30] , but the mechanism does not appear to be conserved in the more distantly related ciliate Oxytricha trifallax, in which small RNAs, instead, protect the MAC-destined sequences from DNA elimination [31] . This evolutionary twist makes the DNA elimination mechanisms of ciliates an attractive system for exploring the plasticity of small RNA-directed genome regulation. Furthermore, the patterns of DNA elimination in various ciliates, including Tetrahymena, can be altered in experimental timescale by manipulating the parental MAC genome sequence, and such acquired changes are epigenetically inherited without genetic changes in the germline [32] [33] [34] [35] . It has been proposed that small-RNA-mediated communication between the somatic and germline genomes is the basis of such an epigenetic inheritance [25, 31, 36, 37] .
In this study, we aim to test the following three predictions regarding small-RNA-directed DNA elimination in Tetrahymena by epigenetically disturbing DNA elimination: (1) selective turnover of early-scnRNAs in scnRNA selection ( Figure 1B, iv) shapes the pattern of DNA elimination through communication between the MIC, the parental MAC, and the developing new MAC; (2) trans-recognition between IESs via scnRNAs and the cis-spreading of late-scnRNA production in the new MAC (Figure 1B , vi and vii) buffers against fluctuations in early-scnRNA accumulation to ensure robust DNA elimination; and (3) IESbiased early-scnRNA production in the MIC ( Figure 1B, i) is determined at the end of the preceding conjugation by scnRNAs that translocate from the MAC to the new MIC.
RESULTS
Maternal Regulation of DNA Elimination by the Parental MAC DNA Sequence It is believed that the pattern of DNA elimination in Tetrahymena is regulated, at least in part, by selective degradation of earlyscnRNAs complementary to any DNA sequences in the parental MAC, which is referred to as scnRNA selection (Figure 1B, step iv) [12, 16, 24, 25] . However, the direct causal relationship between the regulation of DNA elimination and In the sexual process of conjugation, two cells of complementary mating types fuse (1); the MIC undergoes meiosis, and one of the meiotic products survives and divides mitotically, giving rise to two haploid pronuclei (2); one of the pronuclei is reciprocally exchanged between the two conjugating cells, and the migratory and stationary pronuclei fuse to generate a zygotic nucleus (3); the zygotic nucleus divides mitotically twice to produce the next generation of new MACs (na) and MICs (ni) (4); paired cells separate to form exconjugants, and one of the two new MICs (d-ni) and the parental MAC (pa) are destroyed (5); and when sufficient nutrients are available, cells resume vegetative growth with the mitosis of the survived new MIC (s-ni), followed by cytokinesis (6) . The progeny grow by binary fission, and the MAC and the MIC divide independently (7). After sexual maturation and prolonged starvation, progeny cells undergo the next conjugation (8). The approximate time when each event occurs is indicated. hpm, hours post-mixing. (B) A model for scnRNA-directed DNA elimination. In the early stages of conjugation (left), type-A IESs (red box), which mainly located in peri-centromeric and telomeric regions (indicated with red) of the MIC chromosomes (top), are transcribed bi-directionally (i), and these transcripts (wavy arrows) are processed into early-scnRNAs (short wavy lines) (ii). Early-scnRNAs are transferred to the MAC (iii). In the middle stages of conjugation (middle), all early-scnRNAs complementary to DNA in the MAC are degraded (iv). In late-conjugation stages (right), the early-scnRNAs that are not degraded in the parental MAC (pa) are transferred to the new developing MAC (na). There, early-scnRNAs recognize not only type-A IESs (v) but also type-B IESs (blue box) in trans (vi) through common repetitive sequences (red box invaded in blue box). This recognition by early-scnRNAs triggers late-scnRNA production in cis (vii). Early-and late-scnRNAs cooperatively induce DNA elimination (viii).
scnRNA selection has not been investigated. To clarify this relationship, we aimed to analyze the turnover of earlyscnRNAs during artificial epigenetic inhibition of DNA elimination [32] , where the introduction of an IES to the MAC (Figure 2A , i) selectively inhibits the elimination of the corresponding IES from the new MAC in the sexual progeny (Figure 2A, iii) . It has been predicted [25] , but not demonstrated, that this epigenetic effect is mediated by the degradation of early-scnRNAs complementary to the introduced IES via scnRNA selection (Figure 2A , ii).
We first confirmed the inhibition of DNA elimination by the introduction of IESs to the MAC. The CL1 IES, a $2.6-kb type-A IES next to the well-studied Cal IES [38] , was introduced into the rDNA chromosomes of the MAC (CL1+ cells; see STAR Methods and Figure S1 for details). Then, CL1+ cells or control cells, in which no IES was introduced into the parental MACs, were mated, and the presence or absence of the CL1 IES in the MAC of their progeny was analyzed by PCR. In the progeny of the control cells, the CL1 IES was eliminated, and we detected only the shorter, IES-lacking PCR products ( Figure S2A , control, indicated with ''À''). By contrast, elimination of the CL1 IES in the new MAC was strongly inhibited in the progeny of CL1+ cells, which resulted the detection of longer, IES-containing PCR products ( Figure S2A , F1, indicated with ''+''). Similar inhibition was detected for the M IES, a $0.9-kb type-A IES, when we introduced it into the MAC (M+ cells; Figure S2B , F1). These inhibition events occurred in a sequence-specific manner, as the elimination of M and CL1 IESs was not inhibited in CL1+ and M+ cells, respectively (data not shown).
Because rDNA is present in higher copy numbers ($10,000 copies) in the MAC [39] , compared with all other MAC chromosomes ($50-70 copies), we suspected that the observed effect might be limited to the rDNA locus. However, we detected similar inhibition of DNA elimination by introducing the CL1 or M IES into the BTU1 locus, which is located on a typical MAC chromosome ( Figures S3A and S3B ). This result is consistent with the fact that once IES retention is induced by the introduction of an IES into rDNA, the retained IES at the endogenous (non-high-copy) locus is sufficient to inhibit its elimination in the subsequent sexual generations [32] (see also Figure S2 ).
The aforementioned results confirm the previously reported maternal epigenetic regulation of DNA elimination and further indicate that this type of regulation is not limited to the highcopy rDNA locus but can also be evoked by introducing an IES into ordinary MAC chromosomes, where most of the scnRNA selection process is expected to occur in normal cells.
Maternal Regulation of DNA Elimination Accompanies scnRNA Selection
We then asked whether the maternal epigenetic inhibition of DNA elimination observed earlier can be explained by scnRNA selection. CL1+ or M+ cells were mated, and their 26-to 32-nt small RNAs were analyzed at 3 and 8 hr post-mixing (hpm), when scnRNA selection had just started and was completed, respectively [12, 16] . Note that the new MACs are formed at $7-8 hpm, and the 26-to 32-nt small RNAs expressed till 8 hpm are mainly early-scnRNAs, but late-scnRNAs accumulate at later stages [15] . (B and C) Two independent pairs of CL1+ strains (cross #1, two subclones obtained from c0p24; cross #2, two subclones obtained from c0p26; see Figure S1 for c0p24 and c0p26) or M+ strains (cross #1, clones obtained from m0p2 and m0p19; cross #2, clones obtained from m0p43 and m0p44; see Figure S1 for m0p2, m0p19, c0p24, m0p43, and m0p44) were mated. For the control, the wildtype B2086, and CU428 strains were mated. Their small RNAs were analyzed by high-throughput sequencing at 3 and 8 hr post-mixing (hpm Figures 2B and 2C, 8 hpm) . Similar selective early-scnRNA degradation was detected in the cell lines possessing the CL1 or M IES at the BTU1 locus ( Figures S3C  and S3D) . Therefore, the presence of an IES in the parental MAC induces the degradation of early-scnRNAs complementary to the IES.
Using northern hybridization with the M IES sequence as a probe, it was previously shown that early-scnRNAs complementary to the M IES behave similarly in the presence and absence of the M IES in the MAC [36] . This result, which is not consistent with our observations based on the sequencing of small RNAs, probably occurred because the M IES contains a repetitive sequence that exists in both the IES and non-IES [16, 40] ; thus, the majority of small RNAs detected by the M IES probe through northern hybridization were derived from repetitive sequences outside of the M IES.
A Defect of scnRNA Selection Results in Abnormal DNA Elimination To further directly investigate the role of scnRNA selection in the regulation of DNA elimination, we next analyzed DNA elimination in the absence of the RNA helicase Ema1p. Loss of Ema1p results in a severe defect in scnRNA selection without obviously affecting the biogenesis and overall accumulation of earlyscnRNAs [12, 16] . Ema1p is important for the DNA elimination of some IESs [16] . However, whether the pattern of DNA elimination, in addition to its efficiency, is affected in the absence of Ema1p has not been investigated.
We chose two ''SSDE'' (scnRNA selection defective in EMA1 KO [knockout]) loci at which early-scnRNAs derived from non-IES regions failed to disappear by 8 hpm in EMA1 KO cells (indicated with asterisks in Figures 3A and 3C ) and analyzed DNA elimination at these loci. DNAs shorter than the normal MAC genome loci were detected in the progeny of EMA1 KO cells at 30 hpm by genomic PCR ( Figures 3B and 3D , KO). Sanger sequencing of these shorter PCR products showed that they lacked not only the IESs but also the regions complementary to the early-scnRNAs that failed to disappear in EMA1 KO cells ( Figure S4 ). Therefore, we conclude that the pattern of DNA elimination can be altered by inhibiting scnRNA selection. Together with the results obtained from the epigenetic IES retention system described earlier (Figure 2 ), these results strongly indicate that scnRNA selection is one of the major epigenetic determinants of the pattern of DNA elimination. Note that the MIC copies of both loci were not amplified in this experimental condition, because either they were too long to be amplified, or shorter and more abundant MAC copies were amplified more efficiently. The wild-type MAC SSDE1 locus was also too long to be amplified. The 3.4-kb product corresponding to the wild-type MAC SSDE2 locus could be derived from the new MAC but could also be derived from the parental MAC from the cells that did not complete conjugation. M, DNA molecular weight markers; #, unspecific PCR product. See also Figure S4 .
A trans-Recognition Network Can Compensate for the Loss of Early-scnRNAs
In the experiments discussed earlier, although early-scnRNAs complementary to the introduced IESs were reduced to the levels of those from the surrounding non-IES regions at the onset of new MAC development (8 hpm, Figures 2B and 2C ), the DNA elimination of the corresponding IESs in the new MAC was not completely blocked (F1 in Figures S2A and S2B ). Our previous study showed that loss of total early-scnRNAs in the absence of maternally expressed Twi1p results in complete blockage of the DNA elimination of most, if not all, IESs, including M and CL1 IESs [15, 25] . Therefore, the partial elimination of IESs discussed earlier is still expected to be dependent on some early-scnRNAs.
Different IESs share different sets of repetitive sequences that likely originate from various transposons [8, 41] . We previously proposed that these shared repetitive sequences in IESs and the heterochromatin-mediated cis-spreading of late-scnRNA production together form a relay network that allows cells to identify the majority of IESs with early-scnRNAs derived from a small subset of IESs [15] . We suspected that the incomplete blockage of the DNA elimination of the IESs, despite the absence of their complementary early-scnRNAs, was due to a compensation by such a scnRNA-mediated trans-recognition network among IESs ( Figure 4A ). If this is the case, late-scnRNAs should be expressed at late-conjugation stages from IESs complementary to the introduced IESs.
Indeed, we detected small RNAs that mapped CL1 and M IESs at 12 hpm in CL1+ and M+ cells, respectively ( Figures 4B  and 4C ). Because the majority of the small RNAs complementary to CL1 and M IESs uniquely mapped these IESs (Figures 4B and 4C, unique), these small RNAs are expected to be produced from these IESs. Because the production of early-scnRNAs occurred exclusively at early stages of conjugation ($2-4 hpm) and early-scnRNAs complementary to the introduced IESs were decreased to background level by 8 hpm in CL1+ and M+ cells ( Figures 2B and 2C, 8 hpm) , we conclude that the small RNAs from the corresponding IESs observed at 12 hpm are late-scnRNAs. These observations suggest that loss of In the new MAC, late-scnRNAs are produced via cis-spreading from the purple IES, which contains the repetitive sequence (blue box) common to the red and purple IESs (ii). These latescnRNAs target the red IES in trans (iii) and trigger late-scnRNA production from the other regions of the red IES (iv). Therefore, DNA elimination of the red IESs cannot be completely blocked, even in the presence of the IES in the parental MAC. (B and C) Small RNAs from the control, CL1+ and M+ strains described in Figure 2 were analyzed at 12 hpm. The number (reads per million reads [RPM]) of small RNAs mapping to each position of the 30-kb CL1 (B) or M (C) locus was divided by its sequence frequency in the MIC genome (left, ''weighted''). Alternatively, the number of small RNAs that uniquely mapped to the MIC genome is indicated (right, ''unique''). In both cases, the numbers of small RNAs matching the sense and antisense strands are indicated in the plus and minus directions, respectively, as histograms with 50-nt bins. CL1 and M IESs are indicated with green and red, respectively. Other IESs are indicated by grey boxes. See also Figure S2 .
early-scnRNAs from an IES can, indeed, be compensated, at least partially, by the scnRNA-mediated trans-recognition network, ensuring late-scnRNA expression and subsequent DNA elimination.
Loss of Early-scnRNAs from an IES Does Not Inhibit Early-scnRNA Production from the Corresponding IES in Progeny We next aimed to test another prediction regarding the transgenerational epigenetic regulation of DNA elimination: IES-biased early-scnRNA production in the MIC is determined by scnRNAs that translocate from the MAC to the new MIC at the end of the previous conjugation. Here, we first considered the possibility (see Figure 5A , control) that early-scnRNAs in the parental MAC not only enter the new MAC, where they induce DNA elimination, but also enter the new MIC ( Figure 5Ai ) and induce epigenetic changes in IESs ( Figure 5A , stars), which are maintained through the vegetative growth of progeny and promote earlyscnRNA biogenesis in the next conjugation (Figure 5Aii ).
To test this possibility, we again used the artificial IES retention system. First, two CL1+ or M+ strains possessing the CL1 or M IES, respectively, in the rDNA of the MAC (Parent [F0]) were mated, and F1 progeny that retained the corresponding endogenous IESs in the MAC were selected (strains are indicated in the gels shown in Figures S2A and S2B, F1) . We refer to these strains as CL1+F1 and M+F1, respectively. As described earlier, earlyscnRNAs complementary to the IESs introduced into the parental (F0) MAC of CL1+ or M+ strains were reduced to the background level during their conjugation ( Figures 2B and 2C,  8 hpm) . Therefore, if the pattern of early-scnRNA production is epigenetically regulated by the early-scnRNAs expressed in the previous conjugation, the production of early-scnRNAs from the corresponding IES is expected to be inhibited when F1 cells undergo conjugation ( Figure 5A, IES+) .
CL1+F1 or M+F1 strains were mated, and their 26-to 32-nt RNAs were analyzed at 3 hpm (early-scnRNAs). We found that the level of early-scnRNAs from CL1 IESs in CL1+F1 cells was not obviously changed ( Figure 5B ; compare with the wild-type control in Figure 2B ). Similarly, we did not detect any clear disturbance of early-scnRNA production from the M IES in M+F1 cells ( Figure 5C ). We further continued breeding the strains by selecting cells possessing CL1 or M IES in the MAC until the fourth sexual generation (M+F4 and CL1+F4, respectively; see Figure S2 for the breeding process) and found that early-scnRNA production from CL1 and M IESs remained undisturbed in M+F4 and CL1+F4 cells, respectively ( Figures 5D and 5E ). Hence, we conclude that the pattern of early-scnRNA production is maintained for at least a few generations with no or very few earlyscnRNAs at the time of new MIC formation, at least at the two tested IESs.
Twi11p Localizes to the Surviving MIC at a Late Stage of Sexual Reproduction
We next aimed to test another possibility: the pattern of earlyscnRNA production in the MIC is regulated by late-scnRNAs that translocate from the new MAC to the new MIC at the end of the previous conjugation. For this purpose, we first focused on the Argonaute protein Twi11p. We previously showed that Twi11p is exclusively expressed at late-conjugation stages, forms a complex with late-scnRNAs, and localizes not only to the new MAC but also to the new MIC [15] . By contrast, the other Argonaute protein Twi1p, which binds to both early-and latescnRNAs, was detected only in the MACs [25, 42] , and we failed to detect Twi1p in the MIC at all life stages we examined. Note that, in each exconjugant, two new MICs and two new MACs are formed from a zygotic nucleus, but one of the MICs is subsequently degraded ( Figure 1A, steps 4 and 5) . Therefore, the Twi11p-late-scnRNA complex is a good candidate for the carrier of hypothetical transgenerational epigenetic information, if Twi11p localizes to the surviving (non-degraded) MIC.
To localize Twi11p, hemagglutinin (HA)-tagged Twi11p (HATwi11p) was expressed from the endogenous TWI11 locus and detected with an anti-HA antibody. In most of the exconjugants (progeny post-pairing) at 12-13 hpm, HA-Twi11p was localized in the new MACs ( Figure 6A ). In addition, in $5% of the exconjugants, HA-Twi11p was detected in one of the two MICs (Figure 6A, middle) . We did not detect HA-Twi11p in the MIC in the exconjugants with one MIC (Figure 6A, bottom) . These results indicate that Twi11p transiently appears in one of the two MICs and then disappears before one of the two MICs is degraded.
To distinguish the surviving MIC from the degraded MIC, we used terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL), which detects DNA fragmentation in the degrading MIC [43] . HA-Twi11p and TUNEL signals were never detected simultaneously in the MIC of the same cell (data not shown). Therefore, we used an additional marker, the MIC linker histone (MicLH), which is constitutively localized in the MIC but disappears from one of the two MICs in exconjugants [44] . We used a strain expressing HA-tagged MicLH for the TUNEL assay and found that whenever a TUNEL signal was detected, it occurred in the HA-MicLH-negative MIC ( Figure 6B ), indicating that MicLH localizes to the surviving MIC. Finally, we performed double staining of HA-Twi11p and MicLH using anti-HA and antiMicLH antibodies and found that whenever we detected HATwi11p in an MIC, MicLH was detected in the same MIC but not in the other MIC ( Figure 6C ). Therefore, Twi11p localizes to the surviving MIC and can convey late-scnRNAs to the MIC for the next generation.
Twi11p Expression during Previous Conjugation Is Dispensable for Early-scnRNA Expression
To investigate whether Twi11p expressed during the preceding conjugation has any influence on early-scnRNA production during the next conjugation, we first induced the conjugation of two TWI11 MIC KO strains ( Figure S5A, i) , in which both copies of TWI11 in the MIC were disrupted [15] , and established sexual progeny, in which all TWI11 copies in the MIC and MAC were disrupted (TWI11 MAC+MIC KO in Figure S5A , ii). In this conjugation process, Twi11p was not detected ( Figure S5B) . Therefore, the expression of TWI11 occurs only zygotically in wild-type cells, and TWI11 MAC+MIC KO cells are produced in the absence of Twi11p. These progeny cells showed no obvious growth or morphological abnormality and initiated conjugation normally (data not shown), indicating that Twi11p is not required for producing sexually competent progeny.
We next induced conjugation of two TWI11 MAC+MIC KO cells ( Figure S5A , iii) and analyzed their small RNAs at 3 hpm. The content of early-scnRNAs detected within the total RNA by gel electrophoresis was similar between wild-type and TWI11 MAC+MIC KO cells ( Figure 6D ). In addition, the pattern of early-scnRNA expression observed through high-throughput sequencing was not obviously disturbed in the TWI11 MAC+MIC KO strains at either the level of local IES-biased expression (Figure 6E, left) or the chromosomal level of pericentromere-biased expression ( Figure 6E , right) [8, 15] . These results indicate that Twi11p in the previous conjugation is dispensable for proper early-scnRNA expression in the subsequent conjugation.
Ectopic Production of Late-scnRNAs in Parents Does Not Result in Ectopic Production of Early-scnRNAs in Progeny
The results presented earlier do not exclude the possibility that late-scnRNAs regulate the pattern of early-scnRNA biogenesis independently of Twi11p. Therefore, we next intended to directly analyze the role of late-scnRNAs by asking whether ectopic production of late-scnRNAs can induce ectopic production of earlyscnRNAs from the corresponding sequences in the following conjugation.
For this purpose, we exploited the co-deletion phenomenon (coDel; Figure 7A , bottom), in which ectopic DNA elimination ( Figure 7A, viii) is induced by the introduction of a chimeric construct of a type-A IES and a target DNA sequence into the new MAC ( Figure 7A , iv) [15, 45] . coDel is believed to be induced as follows: first, early-scnRNAs produced from the endogenous copy of the type-A IES recognize the IES in the introduced chimeric construct in the new MAC ( Figure 7A, v) ; second, late-scnRNAs are produced from the target sequence adjacent to the IES ( Figure 7A, vi) ; finally, these late-scnRNAs recognize the endogenous target locus in trans ( Figure 7A , vii) and induce DNA elimination ( Figure 7A, viii) . We expect that coDel will also induce ectopic production of early-scnRNAs from the target sequence in the following conjugation ( Figure 7A, x) if latescnRNAs are the epigenetic signal establishing the pattern of early-scnRNA biogenesis ( Figure 7A, ix) .
The chimeric constructs containing the M IES (a type-A IES) and $0.7-to 0.8-kb non-IES sequences, located either $6.1 kb away from the CL1 IES (CL1-Cal locus) or $28.1 kb away from the M-IES (R3-R4 locus), were introduced into mating wild-type cells, and the genomic DNA of their progeny was analyzed by PCR. These regions produce few early-scnRNAs in control wild-type cells ( Figures 7B and 7C , control, indicated with colored shadows). As previously reported for other non-IESs [45] , the endogenous sequences that were complementary to the introduced target sequence in the chimeric constructs were eliminated in some of the progeny ( Figures S6A and S6B, coDel) , indicating that ectopic expression of late-scnRNAs from the target loci occurred when these progenies were produced.
Then, we established strains from these progeny cells exhibiting ectopic DNA elimination at the target loci (indicated with asterisks in Figures S6A and S6B ) and induced their mating to examine whether they ectopically produce early-scnRNAs from the targeted sequences. However, we did not detect any obvious upregulation of early-scnRNAs from the CL1-Cal ( Figure 7B , indicated with light green) and R3-R4 ( Figure 7C , indicated with blue) loci in these strains. Therefore, we conclude that ectopic production of late-scnRNAs, which are sufficient to induce ectopic DNA elimination in the new MAC, does not induce ectopic earlyscnRNA production in the MIC in the next generation.
DISCUSSION scnRNA Selection Mediates Transgenerational Inheritance of the DNA Elimination Pattern
We showed that the maternal regulation of DNA elimination in Tetrahymena accompanies the degradation of early-scnRNAs via scnRNA selection (Figure 2) , and loss of scnRNA selection disturbs the pattern of DNA elimination (Figure 3) . In other ciliates, it is still unclear whether scnRNA selection is achieved through the turnover of scnRNAs and whether such turnover plays a role in the epigenetic regulation of DNA elimination. Therefore, this study represents the first demonstration that selective degradation of small RNAs is one of the major regulators of the transgenerational epigenetic inheritance of the DNA elimination pattern, at least in Tetrahymena, and provides a basis for understanding the biological role of scnRNA selection and DNA elimination.
scnRNA selection may act as a device for the non-Mendelian inheritance of acquired traits that enable progeny cells to prepare for adverse environments. In the MIC genome, there are approximately 12,000 IESs, which are mostly located in intergenic regions of the gene-dense genome (approximately 27,000 predicted genes, one gene per 5.7 kb of the MIC genome) [8, 46] . Therefore, spontaneous DNA elimination ''errors'' (IES retention or ectopic DNA elimination) could influence the expression of nearby genes in the MAC. Because DNA elimination occurs during the second round of MAC genome endoreplication, DNA elimination can generate up to eight somatic variants per locus in a single progeny. Phenotypic assortment, in which amitotic chromosome segregation randomly assorts the polyploid MAC chromosomes, may result in increased fitness of some cells under environmental changes. The scnRNA selection mechanism then allows such an advantageous DNA elimination variant to be epigenetically inherited by sexual progeny.
Transposons occupy a substantial fraction of eukaryotic genomes and can act as cis-elements such as promoters, enhancers, and insulators [47] [48] [49] [50] . Because transposons are silenced by host factors, including small RNAs, in many eukaryotes, the host gene expression network can be epigenetically rewired by altering transposon-targeting small RNAs, and such rewiring may enhance host adaptation during environmental turmoil. In this context, DNA elimination in Tetrahymena can be considered a form of small-RNA-directed epigenetic genome regulation through transposons.
The Small-RNA-Mediated trans-Recognition Network Ensures Robustness of DNA Elimination We showed that late-scnRNAs are expressed from an IES even when early-scnRNAs complementary to that IES are lost (Figure 4) . We believe that this is achieved through the scnRNAmediated network, consisting of trans-recognition between IESs through various repeats by scnRNAs and cis-spreading of late-scnRNA production [15] . Thus, if more than two IESs share a repeat (this is often the case), one of the IESs can be targeted for elimination by late-scnRNAs produced from the other IESs, even when all early-scnRNAs complementary to the former IES This epigenetic state might be maintained through the vegetative growth of the progeny and enhance the transcription of the precursors of early-scnRNAs when progeny cells undergo conjugation (iii). Bottom, coDel: ectopic production of late-scnRNAs can be induced by the introduction of a chimeric construct of a type-A IES (red) and the non-IES sequence (green) into the new MAC (iv), which results in the recognition of the type-A IES by endogenous early-scnRNAs (v), production of late-scnRNAs from the non-IES sequence via cisspreading (vi), and transtargeting of the endogenous non-IES sequence by the late-scnRNAs (vii), which induces the production of late-scnRNAs from (and ectopic DNA elimination of) the non-IES sequence (viii). Late-scnRNAs might be transferred to the new MIC and induce epigenetic changes at the non-IES sequence in the MIC (ix), which would enhance the production of early-scnRNAs in the next generation (x). pa, parental MAC. are lost. Such a compensation mechanism is probably important, because errors in DNA elimination can be epigenetically inherited and, thus, accumulate over generations to exert deleterious effects.
The network-based robustness of DNA elimination is probably also important when conjugation occurs between cells in which one has an IES in the MIC and the other does not. Because DNA elimination occurs after the exchange of the haploid MICs between the pairs (Figure 1, step 3) , the new MACs on both sides of this conjugation pair each inherit one copy of the locus with the IES and one copy of the locus without the IES. On the other hand, early-scnRNAs are produced before this exchange; thus, early-scnRNAs from the IES are expressed only in the cell possessing the IES in the original MIC. Although the cytoplasm of the conjugating pair is exchanged through the conjugation junction [51, 52] , the cell lacking the IES in the MIC may contain fewer early-scnRNAs for the IES. The scnRNA-mediated trans-recognition network may have the ability to buffer such an uneven distribution of early-scnRNAs to efficiently induce DNA elimination of the IES even in the cell that originally lacked the IES. This buffering effect is probably important to avoid hybrid incompatibility caused by the retention of transposons in the transcriptionally active MAC of the progeny from a conjugation between two cells with different transposon compositions.
No Evidence of Transgenerational Epigenetic
Regulation in Early-scnRNA Production All of our attempts to epigenetically inhibit or induce early-scnRNA production failed (Figures 5, 6, and 7) . The results of this study do not exclude the possibility that the continuous supply of an epigenetic signal from the soma to the germline for more than several generations is necessary to establish epigenetic memory for early-scnRNA production, which, once established, is robustly maintained over multiple sexual generations without a soma-togermline signal. However, because extensive epigenetic reprogramming occurs in the post-meiotic MIC during each instance of sexual reproduction [53] , the epigenetic environment of the MIC is likely reestablished in each sexual generation. Moreover, because no RNAi machinery, including Dicer [13, 14] , Argonaute [25, 54] or RNA-dependent RNA polymerase proteins (unpublished data), has been detected in the MIC in vegetative Tetrahymena cells, it is unlikely that any small-RNA signal is maintained in the MIC during vegetative growth. Therefore, we prefer the possibility that the pattern of early-scnRNA production is determined genetically by the DNA sequence of the MIC. Although no consensus sequence has been identified in or around IESs, some IES-associated discreet physical signature(s), rather than a simple sequence code, may promote the transcription of the precursors of early-scnRNAs. If this is the case, epigenetic and genetic regulation coordinately shape the small-RNA populations to determine the pattern of DNA elimination in Tetrahymena.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Tetrahymena thermophila strains and culture conditions The wild-type Tetrahymena thermophila strains B2086 and CU428 were obtained from the Tetrahymena Stock Center. The EMA1 KO strains were described previously [16] . The construction of the CL1+ and M+ strains is described in Method details. To generate the HA-MicLH strains, the cDNA for the delta fragment of micronuclear linker histone (MicLH) [58] was amplified by RT-PCR from vegetative B2086 cells with the primers MLH_GA_FW and MLH_GA_RV (the primer sequences are listed in the Supplemental Data) and cloned into the BamHI and SpeI sites of pBNMB1-HA [56] . The resulting plasmid was digested with XhoI and introduced into the BTU1 locus of the MAC of B2086 and CU428 using a biolistic gun as described [59] . The expression of HA-tagged MicLH (HA-MicLH) from the MTT1 promoter was induced by adding 0.5 mg/mL of CdCl 2 to mating cultures at 6 hpm. The TWI11 KO homozygous heterokaryon (TWI11 MIC-KO) strains were established previously [15] . The TWI11 MIC-KO strains with different mating types were crossed to obtain TWI11 KO homozygous homokaryon (TWI11 MAC+MIC-KO) strains. See also Figure S5 for the production of TWI11 MAC+MIC-KO strains.
METHOD DETAILS
Construction and breeding of CL1+ and M+ strains To produce pD5H8-CL1 and pD5H8-M, the genomic DNA of CL1 and M IES and their flanking sequences was amplified by PCR using the primers Cal_left_FW_NotI and Cal_right_RV_NotI and the primers M5_2new_NotI and M_left_RV_NotI, respectively, and the products were cloned into the NotI site of the rDNA vector pD5H8 [55] . To produce CL1+ and M+ cell lines, B2086 and CU428 were mated, and pD5H8-CL1 or pD5H8-M was introduced into the new MACs at 10 hpm using a biolistic gun. The progeny possessing pD5H8-derived rDNAs were selected based on paromomycin resistance. Then, their rDNA loci were analyzed by PCR using the primers pD5H8_FW2 and pD5H8_RV, and the cells in which all rDNA loci retained CL1 or M IES were selected to obtain CL1+ and M+ cell lines (see also Figure S1 ). Then, two strains each of CL1+ and M+ cells were mated, and the F1 progenies were selected based on their paromomycin sensitivity. The endogenous CL1 and M loci in the MAC were analyzed by PCR using the primers Cal_left_FW and Cal-right_RV and M5 0 -2_new and M3 0 -2, respectively, and cells that fully retained CL1 or M IES were selected to establish CL1+F1 and M+F1 strains, respectively. Next, two strains of each of the CL1+F1 and M+F1 cells were mated, the empty pD5H8 vector was introduced into their new MACs, and their progenies (F2) were selected based on their paromomycin resistance. Their endogenous CL1 or M locus in the MAC was analyzed by PCR, and cells that fully retained CL1 or M IES were selected to establish CL1+F2 and M+F2 strains, respectively. Then, CL1+F3 and M+F3 strains were obtained from the CL1+F2 and M+F2 strains, respectively, by repeating the process to obtain the F1 progeny. Finally, CL1+F4 and M+F4 strains were obtained from the CL1+F3 and M+F3 strains, respectively, by repeating the process for obtaining the F2 progeny. See also Figure S2 for the breeding process.
Construction of CL1+BTU1 and M+BTU1 strains
To produce pBNB-CL1 and pBNB-M, CL1 and M IESs were amplified by PCR using the primers CL1-IES_FW_XmaI and CL1-IES_RV_SpeI and the primers M-IES_FW_XmaI and M-IES_RV_SpeI, respectively, and the products were cloned into the XmaI and SpeI sites of pBNMB1. To produce CL1+BTU1 and M+BTU1 cell lines, pBNB1-CL1 and pBNB1-M, respectively, were digested with XhoI and introduced into the MACs of (non-mating) B2086 and CU428 using biolistic gun. Transformants were first selected in 100 mg/mL paromomycin and then cultured in increasing concentrations of paromomycin until the BTU1 locus was completely replaced with the constructs.
Small RNA analyses
To detect bulk small RNAs in gels, total RNA was extracted from equal numbers of mating wild-type and TWI11 MAC+MIC-KO cells at 3 hpm. RNA was separated in 15% acrylamide-urea gels and stained with GelRed (GENTAUR) [42] . High-throughput sequencing of small RNAs was performed as described [12, 15] . The raw data used for the analysis shown in Figure 3 were obtained in a previous study and can be found in the NCBI Gene Expression Omnibus under accession number GSE38768. The other sequencing data were obtained in this study and are deposited under accession number GSE111525.
PCR assays of DNA elimination Two EMA1 KO or control wild-type strains were mated, and genomic DNA was extracted at 36 hpm. The loci at which scnRNA selection is defective in EMA1 KO cells (''SSDE'' loci: SSDE1 = 14,964,703 to 14,991,528 of MIC Chr5; SSDE2 = 15,092,127 to 15,097,824 of MIC Chr4; see also Figure 3B and D; the numbers correspond to the MIC genome assembly 2016 version) were amplified by PCR. For the SSDE1 locus, Taq polymerase (NEB) and the primers Chr5_OE_FW1 and Chr5_OE_RV1 were used. For the SSDE2 locus, GoTaq Long PCR Master Mix (Promega) and the primers LMR_del1_checkF2 and LMR_del1_checkR2 were used. PCR products that were shorter than the corresponding normal MAC loci were cloned into the pPCR2.1 vector (Invitrogen) by TA cloning and were analyzed through Sanger sequencing.
Antibodies
To produce the rabbit polyclonal anti-MicLH antibody, cDNA encoding the delta fragment of MicLH (MicLHdelta) that was codon optimized for E. coli (MicLHdeltaEc, see Supplemental Data for the sequence) was introduced into pMAL-c2x (NEB). MBP-tagged MicLHdelta was expressed in the E. coli strain BL21(DE3), purified using Amylose Resin (NEB) and employed for the immunization of rabbits. The rabbit polyclonal anti-Twi11p antibody was described previously [15] . The mouse monoclonal anti-HA antibody HA.11 clone 16B12 (Covance), the rabbit polyclonal anti-Pdd1p antibody (Millipore), Alexa 488-conjugated anti-mouse IgG and Alexa 568-conjugated anti-rabbit IgG (Invitrogen) are commercially available. The mouse monoclonal anti-alpha-tubulin 12G10 was obtained from University of Iowa Developmental Studies Hybridoma Bank.
Immunofluorescent staining and in situ TUNEL assay Cells were fixed as described [60] . For immunofluorescent staining, the fixed cells were incubated with a 1:500 dilution of the anti-HA antibody and a 1:200 dilution of the anti-MicLH antibody in blocking solution (3% BSA, 10% Goat Serum, 0.1% Tween 20 in PBS), followed by incubation with a 1:1000 dilution of Alexa 488-conjugated anti-mouse IgG and Alexa 568-conjugated anti-rabbit IgG. For the in situ TUNEL assay, the fixed cells were incubated with 0.3% Triton X-100 in PBS and then with the TUNEL reaction mix (In situ Cell Death Detection Kit, Roche) at 37 C for 4 hours. The cells were subsequently incubated with a 1:500 dilution of the anti-HA antibody in blocking solution, followed by incubation with a 1:1000 dilution of Alexa 568-conjugated anti-mouse IgG. The samples were finally counter-stained with 10 ng/ml DAPI.
coDel
The non-IES sequences at the CL1-Cal locus (16,495,985 to 16,496 ,694 of the MIC Chr2 in the MIC genome assembly 2016 version) and R3-R4 locus (15138343 to 15139124 of the MIC Chr4) were amplified by PCR using the primers idel_CL1_Cal_RiF and idel_CL1_Cal_RiR and the primers idel_R3_R4_RiF and idel_R3_R4_RiR, respectively. The products were individually cloned into the BamHI and SpeI sites of pMcoDel [45] . The obtained plasmids were then introduced into exconjugants from the wild-type B2086 and CU428 strains, and the CL1-Cal and R3-R4 loci were analyzed through genomic PCR using the primers idel_CL1_Cal_Del_cFW and idel_CL1_Cal_Del_cRV and the primers idel_R3_R4_Del_cFW and idel_R3_R4_Del_cRV, respectively. Then, clonal lines were established from the progenies that showed DNA elimination at the target loci (progenies indicated with asterisks in Figure 6B , C), and mating of these progenies was induced to analyze small RNA expression.
QUANTIFICATION AND STATISTICAL ANALYSIS
For the small RNA sequencing analyses, the normalized number (reads per million reads [RPM]) of sequenced small RNAs mapping to each position of the MIC genome was divided by its sequence frequency in the MIC genome (''weighted''). Alternatively, the number of small RNAs that uniquely mapped to the MIC genome was counted (''unique'').
